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THE  DESIGU  OF  THE  MOTIVE  POVJER  EQ.UIPMENT  FOR  AN  ELECTRIC 

STREET-CAR 

__Int  rodu_c1;  i_on .  ^ 

In  the  oporaticn  of  city  railway  cars,  an  averaf^e  of 
about  nine-tenths  of  the  pov/er  consumption  is  used  in  their 
acceleration.      That  is,  in  acceleration,  the  energy  curve 
rises  to  an  excessive  height  immediately  at  the  start  of  the 
car  and  gradually  becomes  lovier  until  it  forms  a  straight 
line  when  the  speed  of  the  car  is  uniform. 

From  a  study  of  curves  of  this  kind,  it  is  seen  that 
a  cutting  off  of  the  upper  parts  of  the  curves  during  accel- 
eration would  result  in  a  great  saving  in  the  current  con- 
sumption and  cost  of  plant  installation  and  operation. 

In  bringing  the  car  to  rest,  energy  is  dissipated  at  the 
brake  shoes  and  nothing  is  realized  from  this  wasted  energy. 

By  designing  a  machine  which  would  utilize  this  energy 
which  is  ordinarily  v/asted  in  bringing  the  car  to  rest  and 
give  it  forth  again  in  accelerating  the  car,  v/e  have  a  means 
of  eliminating  the  excessive  consumiDtion  due  to  acceleration. 

__PrinGi_ple__of  ne3^i£n_ 

The  main  feature  of  this  thesis,  therefore,  is  the 
design  of  a  reversible  air  machine,  i.e.,  one  which  can  be 
operated  as  a  compressor  in  one  case  and  which  can  also  be 
changed  to  operate  as  a  compressed  air  engine  in  the  other 
case,  by  a  system  of  cams  and  connections.      This  s^'-stem, 
of  course,  necessitates  a  reservoir  for  holding  the  com- 
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pressed  air. 

The  ordinary  electrical  eq-uipment  will  be  installed 
on  the  car  ^ith  the  exception  that  t7/o  motors  will  be  used 
instead  of  four  as  on  the  larger  city  cars  at  present,  or 
if  the  system  should  bo  installed  on  the  smaller  two  truck 
cars,  where  two  motors  are  ordinarily  used,  two  motors  will 
be  used  but  of  smaller  capacity.      Considering  single  truck 
cars,  one  electric  motor  will  be  used  and  one  air  machine; 
and  one  the  double  truck  cars,  one  motor  and  one  air  machine 
will  be  placed  on  each  truck.      This  thesis,  hov^ever,  will 
be  confined  to  the  large  "Pay  as  you  Enter"  type  of  car  such 
as  are  used  in  Chicago  at  present. 

The  tractive  power  of  electric  cars  used  in  the  United 
States  usually  runs  from  30  to  35  percent  of  the  weight  on 
the  car  wheels.      Considering  this,  the  first  part  of  this  de- 
sign will  bo  to  select  the  body  and  trucks  of  the  car  which 
will  have  a  known  weight,  from  which  can  be  calculated  the 
maximum  allowable  tractive  power. 

Prom  the  formula 

L  X  350  X  Jlfi\  8  -  T  ttD 

where  L  =  length  of  compression  stroke  in  feet, 

250  =  pounds  gauge  pressure  used  in  the  re- 
servoir which  is  used  in  connection 
with  the  compression, 

d  =  diameter  of  compressor  cylinders  in  inches, 

T  =  tractive  power  delivered  to  the  rails, 

D  =  Divametcr  of  car  wheels  in  feet, 

and    8  =  number  of  cylinders  in  the  two  air  ma- 
chines. 
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we  arrive  at 

T  =  50q_L  ^ 

By  subtracting  the  tractive  power  v/hich  the  chosen 
motors  v/ill  give  from  the  total  tractive  pov/er  necessary  to 
move  ths  car  under  all  conditions  for  rated  speed  and  capac- 
ity, we  obtain  the  tractive  power  which  the  air  machines  must 
give  in  accelerating  the  car.      Having  deteriainod  this,  by 
substitution  in  the  above  formula,  we  are  able  to  choose  the 
size  of  the  cylinders,  the  ratio  of  the  stroke  to  the  diameter 
depending,  however,  on  the  conditions  as  to  space  on  the 
trucks.      If  a  reduction  gearing  is  used,  the  formula  will 

read  ^ 

T  =  500  L ji  X  Gr         v/here  G  =  gear  ratio. 
D 

Then  with  the  size  of  the  cylinders  knovm  and  ths 
average  length  for  bringing  the  car  to  rest  known  or  assumed, 
the  size  of  the  reservoir  can  be  calculated  which  will  bring 
the  pressure  up  to  that  assumed  at  the  beginning,  350  pounds 
per  square  inch.      Prom  test  books,  we  know  that  when  the 
temperature  of  a  volume  of  gas  remains  constant,  we  have. the 
relation 

P  V  =  P,  V, 

where  P  and  V  represent  the  pressures  and 
volumes  of  the  gas. 

Or 

V  -  P/  V/ 
P 

where  V,  =  volume  of  all  the  air  compressor 
cylinders  for  one  stroke  each.  Then 
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365 

where  15  =  the  normal  atmospheric  pressure  and 
365  =  the  absolute  pressure  in  the  reser- 
voir v/hen  the  gauge  reads  a  pressure 
of  350  pounds  per  square  inch. 

Then  V  times  the  numbex  of  strokes  which  the  compressor 
pistons  make  Trhile  the  car  is  being  brought  to  reat,  results 
in  the  volume  of  the  reservoir,  from  Trhich,  its  proportions 
can  be  assumed  according  to  conditions. 

Of  course,  if  the  average  length  for  bringing  the  car 
to  rest  is  not  long  enough  to  fill  the  reservoir  at  350 
pounds  pressure  v/hich  is  sufficient  to  start  the  car  for  a 
desired  distance,  tho  air  compressors  may  be  connected  while 
the  car  is  being  run  by  the  motors  and  a  larger  reservoir 
used.      Or  if  there  is  not  sufficient  tractive  pov;er  devel- 
oped by  the  engines,  a  higher  gear  ratio  may  be  used  when 
there  is  not  roora  enough  to  make  the  cylinders  larger. 

The  motors  and  air  machines  will  be  used  together  in 
tho  acceleration  of  the  car  and  when  it  is  well  under  way, 
the  motors  V7ill  be  used  alone  and  their  size  '.vill  depend  upon 
the  desired  maximum  speed  of  the  car.      The  compressors  will 
be  put  into  use  while  the  car  is  being  brought  to  reat  and 
pump  air  into  the  reservoir,  thus  utilizing  the  energy  other- 
wise dissipated  at  the  brake  shoes. 

__Deoi_gn 

In  starting  the  design  according  to  the  foregoing 
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principles,  the  follov;ing  assumptions  are  made:     The  averae;;e 
weight  on  the  '.vheols  of  the  "Pay  as  you  Enter"  t^'-pe  of  cars 
is  30  tons;-  tv7o-50  horse  power  motors  will  "oe  used;-  250 
pounds  pressure  in  reservoir;-  tv/o  air  machines  -  4  cylin- 
ders each  -.vill  be  used;-  SS-inch  car  v/heels;-  150  feot  for 
bringing  the  car  to  rest. 

Then  considering  35^  of  the  weight  on  the  car  wheels 
as  the  tractive  pov/er  to  be  used  on  the  car,  we  have, 

35^  of  60,000  =  15,000  pounds 
allowable  tractive  power.      Then  allowing  the  compressed  air 
engines  to  take  care  of  half  of  the  tractive  p07;er,  we  have 
7500  pounds  tractive  power  for  the  engines  and 
7500  pounds  tractive  power  for  the  two  electric  motors, 
the  capacity  of  each  motor  being  the  sai.ie  as  on  the  original 
car. 

In  the  formula  - 

T  -  500  L  d^ 

let  T  =  7500  and 

D  =  3.75  feet. 

Then  2 
7500  a  A 
3.75 

and 

L  d^  =  41.35  . 

Let  L  =  5/6  feet 

and  . 

d  =  49.5 

d  =  7  inches  =  diameter  of  cylinders. 
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Then  taking  150  feet  as  the  average  distance  for  bringing  the 
car  to  rest; 

150  feet  ~  7300  inches. 
A  35-inGh  wheel  travels  53  x tt  inches  in  one  revolution. 
Then 

=    6S.5  or  70  revolutions  in  150  feet  of  travel. 

33  XTT 

Then  ?/ith  a  gear  ratio  of  1  :  1,  the  piston  strokes  for  a 
single  acting  engine  are  the  same. 
Considering  the  reservoir, 

V  =  V  X  15 
265 

ll7ith       X  10"  cylinders,  V,  =  384  cubic  inches  -  volume  of  one 
cylinder, 

V  =  ^§£.,5_15  »  31,8  cubic  inches  ~  volume  of 
365 

the  air  under  pressure  of  350  pounds  guage. 

Then  since  there  are  eight  cylinders  in  the  t'.vo  engines, 

70  X  8  X  31.8  =  13150  cubic  inches  or  7  cubic 
feet  which  is  the  volume  of  the  air  compressed  with  the  car 
traveling  150  feet.      This,  then,  equals  the  size  of  the  re- 
servoir. 

Due  to  the  fact  that  only  about  50  per  cent  efficiency 
Ccin  be  realized  from  an  engine  of  this  sort,  a  gear  ratio 
of  2  :  1  may  bo  used  with  the  sa:::e  size  of  cylinders.  Then 
the  number  of  strokes  would  be  140  in  bringing  the  car  to 
rest  and  the  capacity  of  the  reservoir  v/ould  be  doubled  also. 

Now  considering  35  miles  per  hour  as  the  average  max- 
imum speed  of  city  cars  between  stops,  the  strokes  per  min- 
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ute  of  the  pistons  would  equal 

l^_JL_?30q  -  strokes 
35  X 

when  a  1  :  1  gear  ratio  is  used.      But  with  a  gear  ratio  of 
2  :  Ij  this  speed  of  strokes  would  ho  too  nigh  since  about 
300  strokes  per  minute  is  the  most  practical  speed  to  oper- 
ate engines  of  this  sort. 

Since  the  size  of  cylinders  is  about  as  large  as  can 
be  conveniently  put  on  trucks  whore  four  cylinders  are  used, 
a  compromise  may  be  arrived  at, which  will  take  care  of  this 
50  per  cent  efficiency  of  the  air  machines  by  leaving  the 
size  of  the  reservoir  as  14  cubic  feet  and  the  gear  ratio 
as  1  :  1  without  changing  the  size  of  the  cylinders.  This 
size  of  reservoir  is  better  since  with  a  small  one  of  7  cu- 
bic feet,  aft  or  the  first  few  strokes  of  the  pistons,  the 
pressure  in  the  reservoir  would  be  so  reduced  as  to  lower 
the  power  of  the  engines  by  more  than  half.      This  size  of 
reservoir  with  the  original  size  of  cylinders  as  chosen,  ne- 
cessitates running  the  compressors  for  about  300  feet  in- 
stead of  150  feet.      This  may  be  done  while  the  motors  are 
running  without  much  more  current  consumption.      In  this 
manner,  the  pressure  in  the  reservoir  can  be  brought  up  to 
such  a  point  that  in  bringing  the  car  to  rest  in  the  remain- 
ing 150  feet  as  allowed,  the  final  pressure  will  be  brought 
up  to  .350  pounds.      This  can  be  done  to  a  great  degree  of 
accuracy  v/ith  but  little  practice. 

Therefore, 

Gear  ratio  1  :  1  will  be  used, 


7"  X  10"  cylinders  will  be  used, 
and  14  cubic  feet  reservoir. 

In  calculating  the  valve  lift,  6000  feet  per  minute 
is  used  as  the  velocity  of  tho  air. 
On  this  assumption, 

L  2  RPM  «  iZ^x  10  X  355  = 
4  4 

98000  cubic  inches  per  minute. 


 =    57  cubic  feet  ■nor  minute  =  velocity  of  air 
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through  the  cylinders. 

Then  ^'^      =    X  (area  of  port) 

^^^^        38.5  (area  of  cylinder) 

Then  X  ==»  .36  square  inches. 


Assuming  1-1/3  inch  poppet  valves,  from  formula 

area  of  opening  =  circur.f erence  x  valve  lift  x  .71, 
we  have     .36  =  4.71  x  X  x  .71  , 

X  =  =  .108  inches  or  1/8  inch  lift. 

3.35 

_Deacript ion_ 


Plate  1  shows  the  cross-section  view  and  head  end  view 
of  the  cylinders,  Fig.  1  and  3,  and  also  various  views  of  the 
cylinder  head,  Fig,  3,  4,  5,  6  and  7,  which  contain  the  valve 
seats  and  air  inlets  and  outlets. 

Plate  3  shows  three  views  of  the  piston.  Fig.  1,  3 
and  3,  showing  tho  general  construction.      The  poppet  valves 
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which  are  the  t3'pe  chosen  are  shown  on  this  plate,  Fig.  4 
and  5. 

Plate  3  shows  the  crank  and  connecting  rod  construc- 
tion. 

The  figures  on  Plate  4  are  partly  dravm  to  scale  and 
partly  schematically.      Figure  1  represents  the  cam  rod  and 
bevel  gear  arrangement.      This  shows  the  scheme  used  for 
changing  the  set  of  cans  so  that  the  machine  will  act  as  a 
compressor  or  as  an  engine.      Figure  3  is  a  schematic  dia- 
gram of  the  elect ricall3''  operated  air  valve  which  admits  air 
from  the  reservoir  to  the  cylinder  at  the  end  of  the  cam  rod. 
This  air  valve  is  the  standard  type  of  valve  now  used  in  e- 
lectrioally  operated  work.      The  air  works  against  the  spring 
as  shown  and  forces  the  cam  rod  over  so  that  another  set  of 
cams  is  brought  against  the  poppet  valve  sterns  thus  changing 
the  action  of  the  machine  from  that  of  a  compressor  to  that 
of  an  engine.      The  spring  shovm  in  the  figure  holds  the  rod 
so  that  normally  with  no  air  pressure  in  this  cai::  rod  cylin- 
der, the  machine  works  as  a  compressor,      A  7/orm  gear  is  used 
to  transmit  the  crank  action  to  the  cam  rod.      This  rod  is  a 
hollow  tube,  feather  keyed  to  a  smaller  rod  over  'Thich  it 
slides  in  making  the  changes.      The  smaller  rod  receives 
power  or  motion  from  a  set  of  bevel  gears  and  the  hollo?;  rod 
carries  the  cams  proper. 

Fig.  3  represents  the  cam  on  the  cam  rod  working  a- 
gainst  the  poppet  valA'^e  roller.      This  also  shows  the  cam 
construction  as  well  as  the  roller, 

Plate  5  shows  various  outside  views  of  the  crank  case 
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in  Y/hich  ohG  axle  supports  can  be  seen. 

Plate  6  Gho77S  the  side  elevation  of  one  cylinder 
working  and  also  a  plan  vier;  of  all  cylinders  and  the  re- 
spective positions  of  the  pistons  in  the  different  cylinders. 
The  cair.  rod  supports  and  the  rear  beam  support  of  the  r.a- 
chine  are  also  shovm  here. 

Plate  7  shows  the  front  vie'.r  of  the  car  truck  and  the 
air  machine  in  position.  This  also  gives  a  good  idea  as  to 
the  support  on  the  car  axle  and  the  relative  size  of  the  ma- 
chine and  truck, 

Plate  8  shov/s  a  top  vicv^  of  the  niachine  in  place  on 
the  truck.      This  viev;  also  sho'7s  the  beam  support  to  good 
advantage  and  the  position  of  the  air  valve  and  earn  rod 
cylinder.      The  electric  motor  is  net  shown  but  -vill  be 
placed  on  the  other  car  axle.      The  sarae  system  will  be 
carried  out  in  the  other  car  truck. 

Plate  9  shov/3  a  schematic  vie\7  of  the  air  system  and 
the  air  control  valve.      Other  views  of  the  control  are  shown 
in  figures  2,  3  and  4.      Figure  2  represents  the  outside  or 
bottom  part  of  the  control  v/ith  the  air  pipe  connection 
arrangements.      Figure  3  represents  the  top  which  bolts  to 
the  one  shown  in  figure  3  and  holds  the  movable  part  in  place. 
Figure  4  shows  the  movable  part  of  the  control  which  is  oper- 
ated by  a  handle  the  same  as  all  controls.      The  circular  re- 
cess cut  in  the  side  of  this  part  is  the  connecting  part  be- 
tween the  different  pipes  so  that  the  air  can  pass  from  the 
two  adjacent  pipes  in  that  position  of  the  control.  Above 
this  recess  is  shown  a  brush  contact  which  closes  the  circuit 
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to  the  electrically  operated  air  valve  for  the  car.-  rod  shift- 
ing operation.      The  two  brushes  3ho\7n  in  figure  5  ^hich  run 
to  the  air  valve  are  fastened  in  the  piece  shovm  in  figure  3 
and  set  in  such  a  position  that  \7hen  the  control  handle  is  in 
the  air  engine  position,  the  circuit  is  closed  and  the  cams 
are  shifted. 

_M£thod  of_02oration_^ 

In  the  schematic  diagram  are  shovm  the  various  con- 
trol positions. 

First  position  is  the  one  in  which  the  air  connec- 
tions to  the  cylinders  are  closed  and  the  pistons  are  v;ork- 
ing  against  the  air  as  a  cushion  which  forms  a  sort  of  final 
braking.      This  position  of  the  control  will  not  be  used 
much  since  the  volume  of  the  air  in  the  pipes  \7ill  allo\7  for 
too  much  elasticity.      The  car  will  also  be  equipped  with  the 
regular  air  brake  system  for  the  final  braking  of  the  car. 

Second  position  is  the  neutral  position  in  v.'hich  the 
cylinders  are  open  to  the  air  and  no  work  is  being  done  on 
or  b]""  the  air.      This  is  the  position  in  which  the  controll- 
er v;ill  normally  bo  set  for  running  between  stops  after  the 
car  is  brought  up  to  speed  and  before  it  is  being  brought 
to  rest. 

Third  position  is  the  one  in  which  the  machine  is 
working  as  an  air  compressor  with  the  car;,  rod  in  its  normal 
position. 

Fourth  position  is  tho  one  in  which  the  nachin'=  is 
working  as  a  compressed  air  engine  with  the  air  supply  com- 


ing  from  the  reDervoir  and.  the  contact  made  to  close  the  cir- 
cuit to  the  air  valve  for  shifting  the  cam  rod.  to  the  other 
position. 

Sup-pose  the  c.^r  is  at  rest    and  the  reservoir  full  of 
air  at  350  pounds  guage  pressure.      To  start  the  car,  the 
brakes  are  first  released  as  usual.      Then  the  air  controll- 
er is  switched  froin  the  3d  position  to  the  4th  position  which 
may  or  may  not  start  the  car  in  motion  according  to  existing 
circumstances.      Ilext,  v;hether  the  car  is  in  motion  or  not, 
the  electric  controller  is  turned  and  the  motors  "brought  in- 
to use.      After  the  speed  of  the  car  has  become  uniform,  the 
air  cont roller  is  switched  back  to  the  3d  position  and  air  is 
pumped  into  the  reservoir  until  the  pressure  reaches  a  point 
at  which  it  is  kno^;m  that  the  bringing  of  the  car  to  rest  in 
the  stated  150  feet  T;ill  bring  it  up  to  350  pounds,  ?Jhen 
the  pressure  has  reached  this  critical  point  as  v;e  vrill  call 
it,  the  air  controller  is  switched  back  to  the  2d  or  neutral 
position  and  left  there  until  within  150  feet  froi.:  the  next 
stop.      The  electric  controller  is  shut  off  if  not  a.lready 
in  that  position  and  the  air  controller  is  again  switched 
over  to  the  3d  position  and  left  there  until  the  final  stop 
is  made  and  then  put  back  to  neutral.      The  final  stop  is 
made  by  the  air  brake. 

It  is  best  to  watch  the  reservoir  guage  during  accel- 
eration and  always  manage  to  keep  it  about  50  pounds  so  as  to 
allow  for  sudden  braking  as  the  air  brake  system  suppl3'-  is 
taken  from  this  reservoir. 
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A  little  practice  in  the  operation  of  this  car  will 
enable  one  to  do  it  v;ith  ease  notv/ithstanding  the  extra  con- 
trol handle  as  compared  with  the  ordinarv  eloctric  car. 
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